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CHAPTER I
INTRODUGTION

The computation of~flow pProcesses %ith heat trang-
fer has long been impartant in the fleld of englmeering.
Gnﬁil recent years nsarly all problems of this type wore

‘considered to have ateady flow. The main ob;aativa of

research in thia fiel& una the determination of heat
tranafer.eoeffic;onts between the walla and the fluld and:

" the study«cf the mochanium'or heat transfer through the

boundsry layer and wfthin the fluid. In modern tlmes the
computation of traxsienx heat transfer haa bocowe of hu-

% q“};w.'. s

porténoo te uhe enainaor doaigning heatlng eqaipment. ?ha
pR-1-8{ :- 1 5 &.&Hﬂ m e to ‘develop methods f«m camputing
the transient‘heatytrgagfer between & fluld and its
bcundariﬂa. ‘ ‘_ | . o ‘. b :
The roaearch for this paper was done  at éhe Langley
ety

vemorial Aaronautieal Laborutory of the National Advisory

Ccmmittee for Aeronauﬁioa. The speoitic problem attacxed

. in this thesis was the campntation of the tranaisnt

temperatnrea of an ln#ulated tube 1n1tia11y hsated to a

conatant temnarature, anﬁ the fluid at 8 constant en-

- trance tamporaturs flowing through the tube. The results
ar thie 1nvestigaﬁion have several 1mmediately“use“u1

‘tppliqathnq.:iha.aaiasiﬁnlmuse»;axin.;ne design of hqat
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exchengeras of.tha_h§;§anc¢umnlator type.,Thaﬂpgptidular
type of heat éxchnngti’boﬁéidifed haa~banks 6f pd£a1i61,
tubes, 1n1t1a11y haate& or eooled éhrough whioh the

working flutd flows. fhe mathods preaented in,thia papar

snable the designer to cOmpute tba tanparntursa ef the
tube and the fluid for thia heat oxchanser.

A survey wé&gméde of the availaﬁle llﬁgi;ture on
heat transfer to deterflne 1f any analytical work had been
published on the transient heat transfer,betéeen_& fluidv
and its boundariea..Thfs search yilslded no"rosﬁita} Thus
the only references for thlas pap;r were pxgeriméhtai
reporta. These paners were limited to the‘deaign of -
specific plecas af.équipment}*fhis tyoe of wéfkyis ex~-
emplified by a report of the Plttaburgh Des Hoines Steel

Compan?‘on the design of a heat exchanger ror the NACA..

' Tests were made on_a,ccppar coil, a aingle ategl.tube and

a hexagonal bundle éf stesl tutes to determine the changé

of tudbe and alr temperatures with time,

Orzanization

This paper is divided into two maln sections. The

1L. Adams - Heat Acoumulator and Exchanger for the ‘
National Advisory Committee for Aeronautics,
Hesearch Rgport %656 Pittaburgh Des ﬁeinea Steel Co.-
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first sesction contafnn an. anslyticel solution for the

,.transient temperaturoa of an 1nsulatod tube, initially at

a conntant temaarauu”a, and ‘the fluid flowing through the
tube, Frem Fourier's laﬁ for the conduction of heat and
the energy equatlons, an 1ntegro~differantia1 aquation for
the temperaturs difference botwesn the pipe and the fluid
was‘derived with the exial distance ana time a8 independent
variables. The boundary eonditions were obtained from
physical considerations and a solution was obtalned. From
the expression for the temperature difference equations
were derived for the tube and the fluid temperatures as
functions of the axlal dlstance and the time. -

The sesond sectlon of this thesls deseribes the
method by whiceh tﬁa ‘analytical results were verifisd, A‘_
teat aetup waa cOﬂstructed that duplicated the conditions
1mposed an the analysis. Thia consisted of a lonb insulat~-
ed tube, sultable inatrumented, through uhich alr was
fnduced. A description of the equipment and instrument=-
ation starts the second section of thils paper. The test
procedurse 1s outlined ﬁnd the acouracy of the teasts deo-
termined, Then a description of the evaluation of coef-
ficlents and counutationa is given, It was found that
Zood agreement exlsts between computed and experimental

values of the tube and ‘fluid temperatures,
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LIST OF SYMBOLS

Cross sectional area onclosel by tube, 8g. ft,
area of straight sectlon of entrance bell, ag. ft.

Internal surface area of tube per unit length,
sq. ft./ft. -

Specific heat of the fluld, BTU/(1lb.)(°F)

Speclfic heat of the tube, BTU/(1b.)(°F)

Punctions of x and t ( Table 1 )

Internal diaﬁéten of the tube, in,

Diameter of atralght sectlion of entrence bell, in.
External dlamster of tudbe, in.

Time required for the first particles of fluld to
travel a distance x aleng the tube, sec.

Spacifis gravity of the mancmeter glcohol
Heat transfer goefficlent, BTU/(sq. ft.)(sec,)(°F) -
Total head vpressure, 1lb./sq. ft. B
Conductlivity of the fluid, BTU/(sq. ft,.)}(sec,)(°F/rt.)

Ratlo of the heat transfer to the heat capaclty
of the fluld, 1/sec.

Ratlio of the heat transfer to the heagt capacity
of the tubs, l/bac.

Lenath of the tube, in,

ileight of the manometer fluld, mm.
Busaelt!s number, %Q

Static pressure, lb./kq. ft,

Static pressurs at entrance bell 1b /bq. ft.



Prandtl's nwaver, 325
k

Density ~f the fluid, slugs/cu, ft.

Tempergture differsnce batween the tuhe and the
flulg, °F

Difference between the initial tube temperature
and the alr Inlet temperature, OF

Heat flux, ETU/sec.

Reynolds' number, Vd/l

Constant in Laplace transform

Time, sac.

Temperaturé of the fluld, ©F
Teﬁperatura of the tube, OF

Initial tuhé‘ﬁemperature, oF -

Inlet fluld temperature, OF

Absolute viacosity, 1b./(ft.)(ssc.)
Kinematle viscosity, sq. fti/ft.

Weight of fluld flow, 1b,/ssc,

Weight of fluld per unit length of tubs, 1b./ft.
Welight of tube per unit langth, 1b,/ft,
Fluld velocity, ft./sec.

Velocity in the entrance bell, ft./sec.
Velocity at the tube inlet, ft /sec.

Axial distance along the tube, in.
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CHAPTER II
MATHEMATICAL ANALYSIS

In this chgpter the first sec@ion of thls paper is
presanted, The translent heat transfer betwesan a tube and
the fluld flowing through the tube 1s analyzed snd a
theoretical solution for the tube and fluild temperétures
1s developed, The special case considered in this paper
i3 that where a fluid st a constant entrance temperature
flows through a tube at an initially constant temperature.
No heat 18 transferred across the outer wagll of the tube;
effectively the tube 13 porfectly inaulated. Thus %oth
tube and fluid bemperaturea change with x, axtal éiatanee
along the tube, and time, t. rhe problem isg to datqrmlne
analytically expressions for the tube and the fluid
temperatures as runctiOﬂa of x and t,.

To simpllfy tha analysis, the assumption is made
that no redlel tempdrsture gradients axist in the tube or
in the fluid. For the fluid, turbulent flow provides a
very r&pia transfer of.héat radially. The oon@uctivity of
the metal is large coﬁpared with the sconductlivity of the
fluid film so that the assumption of no radlal gradient
of heat in the tube 1s justified. A further assumption 1s
that the transfer of‘heat axially along the tube by con=

duction may be neﬁloetad. The validity of tnis assunption
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depends on the ratio of the heat conducted alon; the tube

to the hoat-transfsrred to the fluid,

Isclation of & Dependent Varlable

Fourier's law for the conduction of heat 13 written:
éq = h;ﬁg dx. 2‘1

The egquations for the conservation of 2nergy 4rse

dg = = wopy,

3
i
H
4
£
e

=
3
/s
T,
Q

Tfi

Flgure 1. Analytical conditions in the tubs and the fluid
cwith initiel tube temperature greater than
- fluid inlet tsemperature,



and

dq = weop. dlp dx 23
oF PL g ’ ’

where q is the heat flux, h the turbulent heat transfer
coefficient for flulds flowing through pipes, & the
tewperature differencs between the tube and the fluld, T
and Tp the temﬁeraturea of the fluid and tube respectively,
we and wy the welght of the tube and fluld} and epe and
cpm the speclfic hoat of the fluld and the tubs respecﬁivan
1y, |

In order to reduce these equations to a single
differential equation in terms of a common temperature
function; the}tota; differential of the temperature dif-

‘fersnce, @ = T§ - T¢, 18 introduced.
40 = 3@ dx + 38 dt : 2.,
33 3’
or ' -
) = ( 2Tp. Ty 4 ( BTp - 3Tp ) .
ae (g.xp; gif)dx+(ﬁp 3Tr ) at. 2.5
Equation 2.5 18 rearranged and written
40 _ aTp 6x T 2Tedx . JTf :
It = gip at * %Ep - (& * %? ?' 2.6

The total dsrivative of the fluld tempsrature with respect
to time is
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Geogrgens 241

If equation 2.7 ia subétituteé into equatlion 2.6, the

derivative of @ with respect to t becomes

a8 - aT dx _ dT .
S=8P E §—p SEf - . 2.8

From Fourier'a equation fo: the comduction of heat,
2.1, and the conservation of energy equations, 2.2 and 2.3,
the following relationships are obtalned:

Ty o . ha o
P e e
= = K@, | 240
7 ha® - \

The terms Kf and Xy were introéduced to simplify the ex~
pressions. Theséloosffieiants are assuned to be”indépand-
ent of £emperature,'i. e. cénstanta, to linesarize the
differential eQuaﬁibgs. They represent the ratios of the
heat transfer to the heat capacity of the tube and th§
fluid. 7 | |

The partial derivative of the tube temperature may

-~

bg written:’

ip = IS = (e ar o243
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The dorlva¢iv@s of the tube and luid témperatures, 2,10,

2.12 and 2.1 are auastitutﬁd into equation 2.

%g = - ka g% f % dt - Zm@ -Kp@, 2,15

" Thus as iptegro-differantial equation has been derived in
terxa of a slngle dcpendent variable, 6, and the Iindepend-
variables x and t, By using the relationshlp, V = %% and

the total derivative of @, equation 2.15 becomss

V§g+g%=-%§’j;%§dt—v(M+xf)8. . 2.16

.- The solution of this difrerential equation for @ with the-
'appropriate boundary conditions 1s the key to the analynis.
' 0n0e @ has been determined the solution for the tube and

the fluid tempsratures is easily obtalned,

Boundary Condltions

The boundary conditions are obtained from the

N physiqal conditions of'the flow process, tefore the flow

5iﬂ8tarts, that portion of the fluid within the tube attains
‘the same initial bamperatﬁre as the tube, If the time at
iﬁhich the flow starts 1s called 0, this condition may be

gwritten:
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8=0 t=0, 0¢x< 1. 2.18

The fluld 18 considered to be drawn from & reser-
volr at a constant Inlet temperature, Trye Then at the
entrance of the tube durling flow

8 (0,t) = Ty = Tpy ’ 2419
‘ihen the derivatlve with resgspect to t 1s taxen and the

value for the derivative of the tube temperature, 2,10,

. Substituted,
’ de(o,t) 4T
B VR 2.19
L . 3 - I%e 2020

The boundary conditlen for this aifferential equation

1s that at t = O the temperature difference bquils;a-QOn-
“stant, 9; = Tp, - Tpye %hen this boundary condition is

substituted inho;bheisolution of equation 2,20, the sec=

ond boundary condition for the problem is obtained.

-}gnt; '
8 = g0 t >0, x=0 2.21

Solution'of the Differential Equation

This section of the analysis deals with the sol=-
ution of the boundary value problem which has been derive-
in the preceding gsections, Restating the problem for

convenience,
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t .
28 + 30 . _ - @
e =20 : t:o'ogxil 2417
-i(‘ t . ]
@ = 86 " t>0,x=0 2.21

This problem is amenable to solution by methods of the

Laplace transform. The transforms of equatlions 2.16 and YR

2.21 are
Y %‘g + 30 - Q(X,O) T - :"'éz %g-"’ (Km + -’(f)' 3 2.22
& :
J(0,s) = ;—:i-:;; ’ 2,23

where 9 the transformed temperature difference is a
function of x and the Laplace constant s, When éhe first
boundary condition is sudstituted into equatlon 2«22 an

ordinary differential equation is obtained.

ay 8 + Ky + Ks ‘ | |
'&'2"""("1-+?§)1% 3. 2.2}
a

The solution for this diffoerential equation 1s

8 + Kp + Kp X

L

o

9=k (1*%) 2,25
¥hen the transformed boundary condition, 2.23,1s put Into
equation 2.25, the constant K 1s evaluated and the functe

ion & detarmined,

T=_8¢ e 8 2.26
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This function has no singularities or dlscontinulities ao

the inverse transform is easlly made. The exponential

term 1s split into 1ts compoflents as shown,

eg X o Ve X KeKm X
Sy ~ky sHEV

9= ole o 6 , 2,27
s + 2 .
K‘:&%
8 + iy %

. 18 expanded into a series. The

’

then the term e

inverse transform of this function i1s as follows:

=0 t(g\_g. 2.28

-fo-xm(t-X)
@ = @1e v V (1»+Km}(f§(t*%)+

et ARk AR 15
212 ' T

| t2% 2,28
Equations 2.20 were differentiated and substlituted
into the differentiai equation 2.16.This procedure proved
that equations 2.23 were & solution to the equation., The
first boundery condition was satisfied by the form of
aclution giveq-by the inverse Laplace transform. To check
the second boundary condition, x was sst squal to (O, This

givas the expression,

~K t

@ = 8e R 2.21
and shows that the solutlon satlsfles thls boundary con=-
dition.
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Tube gnd Fluid Temperatures

Onée»e has been determined the tube and flu;&‘fomp-
eratures may be determined from the initial equations.
Although both tubs and fluld temperatures may be compu@ed
directly from eguations 2,10 and 2.12, the tube temperatures
are much easler to compute than the fluld teméeratures. The

relationship for the tube temperature 1s written:

~

%%P = - K0 2,10
If a fixed voint on the tube 1s conslidered, the derivative
can be changed from the partial to the total derivatlve.

When this is done the equaticn is integrated to give the

thmmmWM.

T ' X
- P r - ‘ .
- v
‘ t dTp = Km | e 4at, 2429
P . ‘v-‘u 5
Tpa '

‘To'aimpllfy,the integration the transformatlon 1s made

that & = t - ﬁ. Then eguation 2.29 becomes
h 6 N '
T, - Tp, = - Km‘( e a5 | 2.30

-

Now when the value of @ from equation 2.23, with' t - %

' replaced by &, is substituted into equation 2,30, the

equation becomes ready for integration, ‘ -
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5 Kok
Ty = Kmeig v~ {1 + xmxwa [xmxﬁe} 2,

T

sesnee + ’[%Kf%-d]nw} a6, 2431

Upon integration the follcming expresaicn for the tubﬁ
temperature 1is fou.mi:

-xn. T ' .xm ﬁ
T, =17 - @46 ;-Q ..,Kmx +ﬁ(f
P : Po . 1 { féc 1

$ovenae t [Kf&q;] On + ] SRR -

. ni2

where C, are functinns cr o and, given in table 1. F‘rcm

‘equation 2.52 tho tmi&perature of the tube may be ecmputed |
- . &t any . station and at. any tlsg.. - L R ke

' TUBE TEMPERATURE QOEFPICIENTS

Value

S § T ks e 1) 1/Km l
1] e ERe 1) /e
R :

o | ..;529 o + 20y /%y

a‘ 6 l ."h
B Ry I

€2
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fha ttnporatura of the fluid is eomputad rrom the
v_derinitian er the taaporsturc difrorenae o,

Te = Tp = @, 2,33

The tube temperature is coamputed from equation 2,32 while
| @ 1s computed from 2,23,

|

» ™
»
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CHAPTIR II11
EXPEHRINENTAL APPARATUS

»
Mechanical zqulpment

To provide a check for the applicabllity of the
analytical results, an experimental setup was deviscd to
fulfill the condlitlons of the analysis. A long tube wes

ingtrumented with thermocouples and preheated to an

initially constant temperature. Beat transfer to or from

the outer surface of the tubs was lowered by the use of
insulation, Then alr was drawn -through the tube and the
tube and air teuperatures recorded. The general experiment-

al layout is shown In block. diagram form in figure 2. To

ensure & uniform floé of alr at a constant temperature and -

pressure the alr was 1induced through the tube by a blower.
Since the temperatures were continually varying, recording
potentiometers were used for temperafture measurements.

The tude that was used in these tests was a 5/16-
inch hard copper tube, elght feet iong, iith,an inside dia-
meter of .2435 inches., Figure 3 showa;the detalls of the Iin-
let and exit of the tube. A mahogany antrance bell éith a
contraction ratio of Sh,.C and a 5/16~1néh'diamotar stralght
section was used as an inlet. Since the inside diameter of

the tube 1s smaller than the adjoining stralsht section of

[y
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the ontranco boll, Zha tlow has to pass over a ahnrp eor-
 nor a! it cuturl ih& buho. The. oxit of tha tube was tairud
« ‘1nto 'Y mdhcgdny dirfaser that had a 209 expansion from a
e2i35-1nch diemeter to a 1.5'1noh diemeter., A valve was
located at the end of the diffuser téycéatrolhthé_air :
veloalty through the tube, A flexible hose tonmscted this
valve to tha blower, The blower was of the centrirugal
typs, electriselly drlvan. _
The tube was plaeed in a z} by 3-1nch balea wood
beam for insulatinnﬁanﬂ suspension in the heating box. A
sealed air spsce. of 7/16=tnch d1sme ter éepardtedlthe tube
from the bean. Theﬁtubévwan supported from the beam by
rive equally spaced wooden washers, The balssa beam waa flaﬁ-
ged at each end for écnnoctiqf to the entrange bell and the
difruaar blook,.Rubber gasket; were placed betwben the flangei
| and the block racaa to provide air tight seals,
To bring the bube up to the desired tompératura, the
tube in its lnaulating‘beam was suspended inside a heating
box, The box, 96 x 12 2f12 1nchea inside diménsions, was
éonstructqd_or wood -framed celotex sheet, Hichroﬁa wire,
spaced along the qufin such a way that the tube had a
conntﬁnt temperature, was used for the heating element,

The temperaturs of thalboz was ocontrolled by a Fenwall
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thermoawitch which was preset to tie desired temperature.

A s trumentgtion

The statlce presnura of the flow through the entrance
bell was measured one diameter~from thr reduotion aection
and two diameters from tbe tube entrance, This preasure
was measured on a Wallace-?ierney eloctrically driven
micromanometer.. Aleohﬂl with a specific gravity of 829

was used for the manqmater ‘flutd.,

The temperatures of the alr and the tube were meas-

| ured by thermocouples. Tnble II gives the 1ocation of

these thermocouples meaaured frem the tube antranca. Iron-“"

. constantan thompl”, 36 gusc, were. iiged m mmm

the air temperaturea. The thermocouple beads were two to

“five hundredths-lnch tn diamatsr~and located along the

centerline or ‘the tube.\Thia givea an efreociva lmmsrsion

. of 2l dlsmeters, ?he 1ag of tre thermooouples was-or-the

order of one halfl aeaeﬁd. Gopper-constanban tharmocouplos
were used to msasure- tha tuba temperaturaa. Tha eoppor

tube served as one gide qf the thermocouplo»wbilq con=

'stangan wire, 3b gage, ﬁae>u§ed‘rgr-ﬁhe'other qide. The
constantan wire was pesned into the center of the tube

to form the metallic jbint; This typs of 1nstallktioaxhaa’

no time lag in té@p@rdtﬁm“masummy; Callbration of the |



thermocouple materlal indicated an accuracy of + .25 per-
cent. |

The tempsratures were recorded by two single channel
Srown seif-balanciné potentiometers with automatic cold
junctlon compensation, These recorders had a 0 = &6 milli-
volt range and a basic accuracy of + ,33 parcent. A motor
driven Leﬁis switch %as uged to swiﬁchithernocouple leads
and transmit the Individual potential intec the recorders,
To ailmplify reading the records, the alr temperaturss were
recordsd on one potentiometer ahd the tube temperatures‘on

the cthsr,

T ™



o CHAPTER IV
TESTS ARD MEASUREMENTS

Procedure

The tube was heated by placing the tube and its
insulating beam in the heating box. After power to the
heating elements was turned on, the tube was soaked at
constant box temperature until the desired operating .
temperature was réacheé.'ﬁuring the hsating'ﬁeriod both
the entrance and exlt &f the duct were clossd to ald in

\ obtaining a uniform temperature dlistrioution along the

7_-3 tube. Checks on the uniformity and magnitude of the tpmp~
eratures along the tube were made by operating the record-

ers hhd observing thawiqmperatures. The variatlon of the
tube temperatures with axial dlistance along the tube is
shown In figure’s;AThis figure shows that.the‘teméeratures
‘ are constant over most of the tube length and only vary

; . slightly at. the ends,

Immediately before easch run the duct was oﬁened and
the recorders started, Then the air valve was set to attain
the desired inlet velocity and the blower started. The alr
velocity was held constant by manual control of the alr

. vafve with the mlcromanometer as & pressure reference.
\ ) | To investigate the effect of temperature magnitude,

teats were made at three initial tude temperaturses, 132,
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167 and 227 degrees rahrerheit., he velocity for sach of
these runs was held constant at IOB,feetvper second.

The tube and alr temperatures al each statlon were
plotted agalinst time gy the recording potentiometers,
Sample records of this dats are shown in figure li. The

static pressure in the entrance vell and the room temp-

eratures were noted by the operator,

Experlmental Acéuracy

The acouracy of the individual components of the
temperature'measuremgnp-system was given in_ chapter III,
The thermocouple material had an érror of + .25 percent
and the recorders i”a§§-p;reent. Thus mechanlcally the
error totaled to #* .58'§ercent.'A further source of error
occurs in reading the temperature records. This 18 estlimat-
ed to be + .5 deiree Fghrenhelt. The experimsﬁtal er v
in temperature neasursment therefore varles from F 245
percent for the low temperatures to + .92 percent at the

high temperatures,

Deternination of the Flow Veloclty

Since the temperatures were measured directly, the

-only computation necessary was that for the initial air
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velocity.Since the velocity cf the air in these tests was
small comparad with the gpeed of sound, Bernoulll's squat-
jon for incompressible flow was used to ralats the flow
quantities,

P *+ ¥ PVy° = K, Lol
where H la thaibarometric pressure, g the alir density and
Vy the velocity at the entrance bell. This may be rewrlitten

in the form
vb - JB ( Hp" Pb T 3‘402

Now H - pp representas the differential,measured by the
micromgnomater, pressure between the room and the straight
section of the entrance bell. If ¥ represents the height

of the manometer column in millimeters of alcohol and g8

_the spscific gravity of the sleohol, the expression, 4.2,

becomes

Wy, ,'V(.ohog‘ggm - ; ‘ L3

The veloéity of Ehe fluld entering the tube was obtalned
from the continuity equatioﬁ.

Po8bVo = paVL, : o Lol
where a represents the area of the respective 5ections.
Kow for an lncompressible fluld p 1s a constant and the

expression for the inlet veloclty is written:
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CHAPTER V

SOEPUTATICY “alLEDURE-

In this chapter the procedure used to compute the
tube and fluld temperatures for conditions of the expsriment
are outlined, The first problem that must ve faced in this '
computation 1s the evaluatlon of the coefficlents Ky and
Xne Then methods ars outlined for computing the tube and
alr temperatures to taxe best advantage of the analytical

resunilts,

Svaluation of Coefficlents

It was mentlionad in Chapter II that the analytical
results are best abpliaa when turbulent flow exists in the

tubve, By making the flow pass over a sharp corner as it

enters the tube, the flow becomes turbulent very close to -

" the sntrahce of the tube, Krieth and Summerfieldl have show-

ed that turbulent flow exists 3.42 diameters downstream for
this type of entrance. Thus the use of the turbulent heat
transfer coefficlent over the entire tube length éeems Jus-
tifled. The value of the turbulsat heat tranafer coefflcient

2
was taken frowm dcAadams.

-~

lprank Xrieth and Martin Summerfleld, Investization of
Heat Transfer at High Flux Densities (CIT, Pasadena,
G;Egznheim Asronautical Lab., Jet Propulsion Lab,
-65, 1943
2%1lliam ﬁ. EcAﬂmms, Heat Transmission, (New York
NeGraw-H11l Book Company, 1942). p. 168,
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Pr.h’ ~ 5'1
or rewritlng

i 8, »
h = 0,023 3.RH' P, h’ | 52

where the conduetlvity, k, the Reynolds number,ily, and
the Prandtl number, Pp, are all functions of the fluid

temperature.

£
%

.

The heat transfer coefficient can be somputed by
using either the inlet fluid tem?erature, an Average value
of fluld tempsrature or that obﬁéined by an lterative
process, In this paper the initial rluid temperature was
used a8 a start and the agreemént obtalned vetwsen the
computed and experigdnfal valués was soc good,icbnSidafing
the limitations of the experiment that no further work was
done, In any case the change in heét tranafer coofficient
through the tube was pnly 12 percent for the highjgt‘temp~
eraturé range tested, f

The values of Pfandtl number, speclific heat, viscosity,

and conductivity of the fluld were talken from Xeenan and

Kazel. The Raynolds'nﬁmber was computed from the definition.
Ry = Va; 1, 543

where 1 ia the kinematlc coefficlent of viscosity,

leaeph H, Keenan and Joseph Kays, Gas Tables, (New York,
John Wilay and Seons, Ine., l?hé)

L 4
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The next step 1s the evaluation of the coefliclents

Ky and F,. These were derined to be

Lp = h;;—'*-"gcpf ’ , *Selt
and

x = _NdA o, .

“n ¥..Com ’ 2+

It should be emphaslzed at thls point that A {8 tie surface
are per unit length and w,  and Wy are welight per foot.

The variatlon of K. ard Kp along the tube at a time
of ten seconds 1s plotted in figure 6. Kg¢ changes 37 per-
cent over the length of the tube for an initlal tudbe temp=-
erature of 227 dezrees Fahrenheit while K, has only the -
12 percent change caused by the variation of the heat
transfer coefflcient, The compressibility effect causes
the large change in Kg with temperature since the weight

of fluid changes rapidly as the temperature changes.,

Computation of the Tube and Air Temperatures

Using the values of Km and Ky in equations S.4 and
55, the tube and alr temperatures can be computed from
equations .32 and 2.33, However this method of computing
the tube tempsratures 13 very laborious since the seriles

in equation 2.32 does not converge rapidly.
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To perform rapld computatlons of tube and alr temp=-
eraturss, the summation of the sories in equation 2.28
calculated and plotted agzeinst the series term fom%(t- %).
Once thils has been done @ 13 easily computed using values
from this curve in squatlion 2.23. From equation 2.29 of

chapter II the folléwing equation 1s obtained:

Tp=Tpo = K, { Ve at. 5.6
-3 X
R 1]
Now the integral ln the last term can be evaluated graphi-
cally in a short time, 8,for a station on the tube, is plot4

ted against time, The srea under the curve represents the

- valus of the intezral.

In a similar manner an equatlon for the fluld tempe-

erature may be written,

!

x | | '
hgjo o ax = opw ( Tp - Ty ) 547
or
, X
Te, = Tre + _ha ; @ dx 58
Cpr¥., 0

In thils case @ 1s plotted against x, the distance along
the tube axis, The vilue of the Integrsal is represented by

the area under the survs,
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CHAPTEt VI

RESULT3 AXD DISCUS3ION

Comparison Zetween cxperimental and Computed Values of 8/6:

The theoretical and experimsntal values of 8/9; are

plotted in flgure 7. The quallitative agreement appsars to

be good with one slgnificant exceptiocn. These areé the

values of 6/8; in the vicinity of the tube entrance. If the

boundary condition, x = 0, is

conslidered, 1t can be seen

that the analysis predicts that 6/9; will assymtotieally

approach zero as t becomes lar ge. However the experimental

values tend to remaln at some
becomes lar:e. Thls deviation
al values occurs beoauqe heat
of the tube from two sources,

sulation around the tube, The

value above zero as the time
on the part of the experiment-
1s transforred to this end

the tube 1tself and the in<

ratio or(heat transferred

to the fluld to the heat conducted along the tube runs about

thirteen to one at a time of ten seconds when a very steep

gradient slong the tube exists., 3o it would ssem that the

heat transferred from the insulation 1is pretty iarge. This

1a most noticable at the tube entrance since the temperaturo

gradient radlally from the tube becomes large rapidly
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Tube and Alr Temperatures

The experlumental values of tube and alr tempera-
tures are shown in {'ijure 9, These are ln the form of
curves of temperaturs plotted against axlal distance along
the tube for constant values of time, The only value of

temperature which 1s in serious disagréement with the fair-

" ed curve 1s that indioated by the numder two alr thermo-

couple. The probable explanation of this discreprancy 1is
that the thermocouple was bent during installation and lles
closs to ths tube wall, The computed Valués.cf tube and air
temperature are plotted in figure 8. The shape of these

curves agrees well with the experimental plots but in mage

~“mitude there 1s & moderate amount of discrepancy. The

computed values_éf tube temperature drop more rapiély ﬁhan

ihe'experimantal polnts, especially at_the tube sentrance.
This 1a due to heat trangfer from the insulatipn to the
tube, The alr temperaturés during the tim; shown on these
plots indlcates good agresument bofh quantatlively and
qualitatively. R

N In-figura 10 a comparison is mad® betwssen  the com-
puted and experimental values of the temperature of the
alr leaving the tube for the three runs, Thesse show very

good agreenment,

~
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Limttatlons of the Investigation

The major arror Introduced into thils analysis holds
true only for gaseous® fluids. This is the assusption that
the fluid is incompressible and is ﬁell 1llustrated by the
variation éf Kp as shown in flgure 6. Even so the range of

this investigation is where the oompfessibility effocts

_are small, If the temperature la increased 6y a lar:ze

factor or the veloclty increased, it would be expected that
thers would be large discrepancies betwean computed and
real valueg, To acéount for compressibility will malke the
differentlal equation non~linear and introdugce the greatest
difficulty in aolving,éﬁe préblem.

The largest experimertal srror has bﬁqn‘mpntionad
previously in this dhapter. Thaé 18 the transfer of heat
from the insulation to the tube. The value of improving
the experimental apparatus seems doubttful in ilew of the
cost of further refinement, The major improvement would K
be to seal the tube in an evacuated flask, However the
égreement between the computed and experlmental results

ag8 zood enough to validate the analysis and that of course

. was the major justiflicstion for the expariment.

ixtengion of the Problem

-

The next step in this type of investization would
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T

be to extend the analysis to Include different scundary
conditions, There would.be two major extenslonsy one, the

inlet air at some arbvitrary function,and two, an arblitrary

temperature distribution slony the tube,

g -



- 335 -
CHAPTER VII
. ‘ CONCLUSIONS

An anglys®s was made of th; translent heat transfer
betweeﬁ 8 fube and the fluid flowing through the tube. Ex-
pressions were obtained for the tubve and fluid tem?eraturei
as functions of the indeéondant variables x and t. An
experiment was set up to verify the reiulta of the analysis.
Good agreement was obtalned tetween the experimental and
computed values of tube and air temperatures.

In previoﬁa ccmputgtions, the tudbe and airrtemperé->
ture# wvere computeé by a step-by~step integration of the
equation for heat condustion. This process requlred weeks
of eomputings.for a sinale condition. The methoda preaented

in this paper ocut the oomputation time down to several days.
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THERRICCOUPLE LOCATION

Air thermocouples Tube thermocouples
Distance Distance
Humber " along the tube HNumber along the tube

in inches in inches
1 0 1 0,125
2 n 2 4.125
3 10 3 10.125
L 18 L 18.125
5 28 5 28.125
6 38 6 " 38.125
7. 18 7 48.125
8 | 58 3 58.125
9 68 9 68.125
10 78 10 78.125
n % 1 95.875
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Figure 5.- Variation of initial tube temperatures along the tube.
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(c) Initial tube temperature of 132 .

Figure 7.- Concluded.
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